Fungus-growing termites play an important role in lignocellulose degradation and carbon mineralization in tropical and subtropical regions, but the degradation potentiality of their gut microbiota has long been neglected. The high quality and quantity of intestinal microbial DNA are indispensable for exploring new cellulose genes from termites by function-based screening. Here, using a refined intestinal microbial DNA extraction method followed by multiple-displacement amplification (MDA), a fosmid library was constructed from the total microbial DNA isolated from the gut of a termite growing in fungi. Functional screening for endoglucanase, cellobiohydrolase, ␤-glucosidase, and xylanase resulted in 12 ␤-glucosidase-positive clones and one xylanase-positive clone. The sequencing result of the xylanase-positive clone revealed an 1,818-bp open reading frame (ORF) encoding a 64.5-kDa multidomain endo-1,4-␤-xylanase, designated Xyl6E7, which consisted of an N-terminal GH11 family catalytic domain, a CBM_4_9 domain, and a Listeria-Bacteroides repeat domain. Xyl6E7 was a highly active, substrate-specific, and endo-acting alkaline xylanase with considerably wide pH tolerance and stability but extremely low thermostability.
The bioconversion of lignocellulosic biomass, the most abundant renewable resource on earth, contributes significantly to the production of alternative biofuels and organic chemicals (35) . Therefore, increasing attention has been focused on exploring lignocellulase genes from diverse organisms, including free-living bacteria and fungi (45) as well as gut microbiomes of lignocellulose-consuming ruminants and insects (14, 18, 24, 46) . Termites feature differentiated body plans, including masticating organs, enlarged hindguts, symbiotic systems, and enriched digestive enzymes, for thriving on complex diets consisting of different plant components in different termite species (2) . Thus, termites are believed to possess diverse sets of efficient microscale lignocellulose bioconversion systems, and the exploration of this single community may reveal comprehensive hydrolytic enzymes responsible for the degradation of broad categories of plant polysaccharide bonds.
Termites of the subfamily Macrotermitinae, broadly known as termites that grow in fungi, are assumed to be one of the most abundant and influential insects in tropical and subtropical ecosystems in Asia and Africa (53) . As a monophyletic lineage in the higher termites (33) , members of this subfamily can specifically cultivate basidiomycete fungi of the genus Termitomyces in their nests. For most fungus-growing termites, the fungus comb is made from their primary feces, which are composed of partially digested dead plant materials (52) . As the fungi grow, host termites gain nutrition by consuming the fungal nodules as well as the mature parts of the fungus comb (20) . Therefore, fungus-growing termites actually develop a sophisticated triple symbiotic relationship with both their intestinal microbiota and ectosymbiotic fungi. Continuously in the past, Termitomyces spp. have been hypothetically assumed and experimentally proven to contribute diverse glycosyl hydrolases in plant material decomposition (22, 28, 29) . Besides, some host termites have also been observed to secrete their own cellulases, including endo-1,4-␤-glucanase and ␤-glucosidase, in their salivary glands or midgut (27, 44, 50) . Thus, to date, little attention has been paid to the hydrolyzing capabilities of these intestinal microorganisms, except for fermentation and acetogenesis or methanogenesis (6) . We believe it possible that intestinal microorganisms may also play a certain role in the overall process of lignocellulose digestion for their hosts.
Termite guts are special environmental ecosystems featuring steep pH, oxygen, and substrate gradients (8, 9) , which are difficult to reproduce in vitro. As the majority of microorganisms in termite guts are unculturable, metagenomics becomes an ideal tool for exploring these presently inaccessible metagenome reservoirs (17) , just as it has played significant roles in exploring many other environmental ecosystems (16, 38) . However, the fact that microgram quantities of environmental DNA (eDNA) are required for the construction of screening or sequencing libraries has greatly limited its application, especially for low-biomass environments and rare samples, which potentially contain enzyme-encoding genes with great promise for biochemical, medical, and industrial applications (40) . Fortunately, as a newly developed technique of whole-genome amplification, multiple-displacement amplification (MDA) has proven to be a powerful tool for overcoming this limitation in dealing with both individual uncultivated cells (25, 55) and whole-community metagenomes (1, 51) .
Xylanases, a set of diverse enzymes such as endo-1,4-␤-xylanase (EC 3.2.1.8), ␤-xylosidase (EC 3.2.1.37), ␣-arabinofuranosidase (EC 3.2.1.39), ␣-glucuronidase (EC 3.2.1.131), and acetylxylan esterase (EC 3.1.1.72), are responsible for the complete degradation of xylan, a major component of hemicelluloses. Among these, endo-1,4-␤-xylanase is of greater importance, because it hydrolyzes the backbone of xylan into xylooligosaccharides, which is a critical step in the depolymerization process of xylan. Owing to this capability, endo-1,4-␤-xylanase has played versatile roles in a variety of traditional industries, including pulp and paper, bioethanol, animal feed, textile, and waste treatment (41) . Most importantly, as xylan is the second most abundant renewable organic carbon source on earth, its hydrolytic product, xylose, is inevitably an indispensable resource in the bioethanol conversion industry (19) . Recent advancements concerning the manipulation of some bacteria, yeasts, and filamentous fungi to ferment pentose to ethanol (48) have highlighted its future applications. Additionally, the timely removal of hemicellulose backbones may enhance the hydrolytic efficiencies of cellulases by increasing their access to cellulose. All these properties indicate the great potential that xylanases hold to reduce the overall cost of ethanol production from lignocelluloses.
In the present study, considering the low DNA yield from the sampled termite intestinal metagenome and the potentiality of MDA, a fosmid library was constructed with MDAamplified eDNA, allowing the isolation of 12 ␤-glucosidasepositive clones and one xylanase-positive clone. The xylanase gene was heterologously expressed, and the recombinant enzyme was biochemically characterized for its potential industrial applications.
MATERIALS AND METHODS
Chemicals and reagents. The screening substrates carboxymethyl cellulose, 4-methylumbelliferyl-␤-D-cellobioside (4-MUC), esculin hydrate, ferric ammonium citrate, and birchwood xylan were purchased from Sigma. Polysaccharide substrates (beechwood xylan, barley glucan, locust bean gum, starch, and Avicel) were purchased from Sigma. Restriction endonucleases, T4 DNA ligase, and Kod Plus DNA polymerase were obtained from Takara (Japan). The AxyPrep plasmid miniprep kit, AxyPrep DNA gel extraction kit, and AxyPrep PCR cleanup kit were purchased from Axygen. All other chemicals and reagents were from Sangon (People's Republic of China) and were of analytical grade.
Bacterial strains and plasmids. EPI300-T1 R (Epicentre) was used as the host strain for fosmid library cloning. Escherichia coli BL21 (Novagen) was used as the host strain for xylanase gene cloning and expression. The plasmids pCC2FOS (Epicentre) and pET-22b(ϩ) (Novagen) were used as the fosmid vector and expression vector, respectively.
Termite collection and evisceration. [pH 7.4] ), the entire guts of the worker termites were immediately removed and transferred into 1.5-ml sterilized Eppendorf tubes containing 100 l of PBS. The tubes, each containing about 100 guts, were set on ice. Additionally, about 100 intact soldier termites were collected in a tube for termite species identification. All samples were quickly frozen in liquid nitrogen and stored at Ϫ80°C until use. Besides morphological identification, the sampled termite was further identified with the molecular marker mitochondrial cytochrome oxidase subunit II (Co II) gene based on a method described previously by Ohkuma et al. (33) .
Intestinal microbial DNA extraction. Microbial DNA was extracted from termite guts using a modified indirect method, which can be roughly divided into three steps. First, to release the microbial cells from the termite gut, 1 ml (5 to 6 sample volumes) of trypsin-EDTA (PBS [pH 7.4] with 0.25% trypsin and 0.02% EDTA) was added to each tube of thawed sample, which contained about 100 l of PBS with 100 termite guts, and the tubes were incubated at 37°C for 30 min with gentle inversion every 5 min to fully mix the gut tissue and enzyme. Trypsin digestion was terminated by the addition of 300 l of 10% bovine serum albumin (BSA) (0.3 volumes of trypsin-EDTA), and a 1-ml pipette was used to homogenize the sample until no obvious gut particles could be observed. The samples were then vortexed for 30 s to ensure full homogenization.
Second, to isolate the microbial cells from the gut debris, the homogenized sample was centrifuged at 800 ϫ g at 4°C for 10 min to remove the luminal debris, gut tissue, epithelial cells, and nuclei released from some of the lysed epithelial cells. The supernatant was gently and carefully collected and saved. The pellet was resuspended in 1 ml of PBS buffer and subjected to another two rounds of low-speed centrifugation as described above. The supernatants obtained from the three centrifugations were pooled and further clarified by two rounds of centrifugation at 800 ϫ g, followed by centrifugation at 9,000 ϫ g for 15 min at 4°C to collect the microbial cells.
Finally, the DNA was extracted according to a protocol described previously by Zhou et al. (57) , with minor modifications. Briefly, the cell pellet was resuspended in 1 ml of PBS, and the following components were added: 668 l of extraction buffer (100 mM Tris-HCl, 100 mM Na 3 PO 4 , 100 mM Na 2 EDTA, 1.5 M NaCl, 1% [wt/vol] cetyltrimethylammonium bromide [CTAB] [pH 8.0]), 100 l of protease K (8 mg/ml in extraction buffer), and 32 l of 25% SDS. The tube was incubated horizontally at 55°C for 20 min with gentle rotation for 10 min and then incubated at 70°C for 10 min. The sample was centrifuged at 17,000 ϫ g for 10 min at 4°C. The supernatant was then used for phenol-chloroform extraction, and DNA was purified according to the protocol described previously by Zhou et al. (57) .
Multiple-displacement amplification and evaluation. The guts of the sampled termites were compacted with much soil and humic acid, and the DNA yields were rather low. To obtain enough total DNA for the construction of a fosmid library, the whole-community genomes were amplified by MDA with a REPLI-g minikit (Qiagen) according to the manufacturer's instructions. As amplification bias may be severe when the DNA template is less than 1 ng (55), we used a gradient of 10 to 75 ng DNA as templates of MDA to reduce the amplification bias. The amplified DNA was linearized by a three-step linearization process described by Zhang et al. (55) , including phi-29 polymerase debranching, S1 nuclease digestion, and DNA polymerase I nick translation. To analyze the representational bias induced by MDA, the fingerprints of the V3 section of the 16S rRNA gene before and after MDA were compared. The amplification primers for the V3 section of the 16S rRNA gene were P2 (5Ј-ATTACCGCG GCTGCTGG-3Ј) and P3 (5Ј-GC CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG GCC TAC GGG AGG CAG CAG-3Ј). The PCR and amplification procedures were based on methods described previously by Ovreas et al. (34) . Denaturing gradient gel electrophoresis (DGGE) was performed by using a DCode system (Bio-Rad Laboratories) according to standard procedures. In brief, about 2 g of each PCR product was separated by electrophoresis in 8% polyacrylamide gels containing a 25 to 60% gradient of formamide and urea in 1ϫ TAE (40 mM Tris, 1 mM Na 2 EDTA, 20 mM glacial acetate [pH 7.4]) for 5 h at 60°C and at a constant voltage of 200 V. After electrophoresis, the gel was silver stained (12) and digitally photographed.
Fosmid library construction and functional screening for cellulases and xylanase. Gel purification, electroelution, and concentration of the MDA-amplified eDNA were performed by exactly following the protocols described previously by Brady (4) . The whole-gut microbiome metagenome library was constructed with a CopyControl pCC2FOS fosmid library production kit (Epicentre), according to the manufacturer's instructions. Infected cells were grown on LB agar plates containing chloramphenicol (12.5 g/ml) at 37°C for VOL. 77, 2011 MICROBIOME OF FUNGUS-GROWING TERMITES 49 14 h. A total of 10,000 transformants were selected and preserved in 384-well plates. With a 384-well inoculating needle holder, each 384-well plate was manually printed onto four plates with 12.5 g/ml of chloramphenicol and different screening substrates, respectively. To screen for endoglucanase activity, the library clones were grown on LB agar plates containing 0.5% carboxymethyl cellulose for 12 h at 37°C, and the colonies were then stained with 0.2% Congo red for 30 min and destained with 1 M NaCl (42) . The colonies surrounded by a yellow halo against a red background were identified as cellulase-positive clones. To screen for xylanase activity, the same procedure was performed, except that 0.5% birchwood xylan was used as a substrate. To screen for ␤-glucosidase activity, the library clones were grown on LB agar plates containing 0.1% esculin hydrate and 0.25% ferric ammonium citrate for 12 h at 37°C. Colonies with a black zone were selected as ␤-glucosidase-positive clones (26) .
To screen for cellobiohydrolase activity, library clones were first grown on LB agar plates for 12 h at 37°C and then overlaid with 0.1 M citrate-phosphate buffer (pH 7.0) containing 0.6% agarose and 0.04% 4-methylumbelliferyl-␤-D-cellobioside (4-MUC), followed by further incubation for 1 h at 37°C. Colonies emitting fluorescence under UV light and lacking ␤-glucosidase activity were assumed to be candidate cellobiohydrolase-positive clones (36) . Sequencing and gene analysis of the xylanase-positive clone. Whole-fosmid DNA from a mixed sample of all 13 positive clones was extracted by using a Large-Construction kit (Qiagen) according to the manufacturer's instructions. After 454 pyrosequencing (Roche Diagnostics) and assemblage, the xylanasecontaining contig was analyzed in detail. Open reading frame (ORF) analysis was performed by using ORF Finder from the NCBI (http://www.ncbi.nlm.nih.gov /gorf/gorf.html). ORF sequence annotation was conducted by using BlastP and the NCBI nonredundant protein database (http://www.ncbi.nlm.nih.gov). For the xylanase-encoding ORF, the signal peptide was predicted by SignalP 3.0 in CBS (http://www.cbs.dtu.dk/services/SignalP/). Molecular mass and isoelectric point predictions were made with ExPASy (http://www.expasy.ch/tools/protparam .html). Multiple-sequence alignments were all conducted with ClustalW (43) and were based on the full length of selected sequences. Phylogenetic analysis was performed with MEGA 3.1, and an unrooted phylogenetic tree was generated by the neighbor-joining method.
Protein expression and purification. The xylanase-encoding gene, designated xyl6E7, was amplified from the fosmid DNA by 35 cycles of PCR using forward primer 5Ј-ATCCCATGGTGGCACAAACAACTACTT-3Ј, which includes an NcoI restriction site at the 5Ј end, and reverse primer 5Ј-CTTCTCGAGTTTG CTACAATCATCCAAG-3Ј, which includes an XhoI restriction site at the 5Ј site. PCR fragments were purified with an AxyPrep PCR cleanup kit, excised with NcoI and XhoI, and ligated into the corresponding sites in pET-22b(ϩ). The recombinant vectors were transformed into E. coli BL21. A single BL21 clone carrying pET 22b(ϩ)-xyl6E7 was grown at 37°C in LB medium containing ampicillin (50 g/ml) to an optical density of 0.6, expression was induced by the addition of 50 M isopropyl-␤-D-thiogalactopyranoside (IPTG), and the cells were incubated at 28°C for 16 h, with shaking at 120 rpm. The cells were harvested by centrifugation at 9,000 ϫ g for 10 min and resuspended in lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole [pH 8.0]). Cells were lysed by using a combination of lysozyme and ultrasonication, as follows. Lysozyme was added at 1 mg per ml of cell solution, and the sample was incubated on ice for 30 min, after which it was sonicated for 10 min (5-s bursts with 10-s intervals) using a sonicator equipped with a microtip. The lysate was clarified by centrifugation at 10,000 ϫ g for 20 min, and the supernatant was collected as the crude extract. The soluble recombinant Xyl6E7 with a 6ϫHis tag was purified by using a Ni-nitrilotriacetic acid (NTA) column (Qiagen), which was equilibrated with lysis buffer, washed with buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 60 mM imidazole [pH 8.0]), and eluted with buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole [pH 8.0]). The fractions containing active xylanase were pooled, dialyzed against 20 mM NaH 2 PO 4 (pH 7.4) using a Vivaspin 6 instrument (GE Healthcare), and stored at 4°C for use. The purity and molecular mass of Xyl6E7 were determined by SDS-PAGE, and the protein concentration was determined with a DC protein assay kit (Bio-Rad Laboratories).
Xylanase activity assay. To characterize the properties of Xyl6E7, xylanase activity was assayed by measuring the amount of reducing sugar released from birchwood xylan after the addition of a dinitro-salicylic acid reagent (31) . The standard assay mixture contained 0.05655 g of the enzyme and 1% birchwood xylan in a final volume of 0.1 ml of 50 mM NaH 2 PO 4 -Na 2 HPO 4 (pH 7.5) and was incubated at 55°C for 10 min, in triplicate. The reaction was terminated by the addition of 100 l of 3,5-dinitrosalicylic acid (DNS) and boiling for 5 min. The absorbance at 540 nm was measured by using a Multiskan Spectrum spectrophotometer (Thermo Scientific, Finland). Xylanase activity (U/mg) was defined as micromoles of reducing sugar released from xylan per minute per milligram of enzyme protein under the standard assay conditions stated above. To test the pH range of Xyl6E7, a standard activity assay was performed with 50 mM appropriate buffers between pH 4 and 10.5: sodium-acetate buffer was used for pH 4 to 5.5, sodium phosphate buffer was used for pH 6 to 8.5, and N-cyclohexyl-3-aminopropanesulfonic acid was used for pH 9.0 to 10.5. The pH stability was determined by measuring the residual activity after the preincubation of the enzyme in the buffers between pH 4.5 and 10.0 at 4°C for up to 6 days. To determine the temperature range over which the enzyme was active, the standard activity assay was performed at between 20°C and 70°C. Thermostability was determined by measuring the residual activity after the preincubation of the enzyme for 5, 15, and 30 min at each of the temperatures 30°C, 40°C, 45°C, 50°C, and 55°C. The protective effect of L-cysteine (50 mM) was also tested. To test the substrate specificity of Xyl6E7, birchwood xylan was replaced in the standard assay by beechwood xylan, barley glucan, locust bean gum, starch, and Avicel. The Xyl6E7 activity was also measured by using the standard assay after incubating the enzyme with various chemicals and metal ions at 1 mM for 30 min at 4°C to assess their effects. For kinetic analysis, the activity of Xyl6E7 was measured with birchwood xylan at concentrations ranging from 0.2 to 11 mg/ml, and the K m and V max were calculated according to the Lineweaver-Burk method.
Thin-layer chromatography of hydrolysis products. To investigate the reaction pattern of Xyl6E7, the hydrolysis products of birchwood xylan for 10 min with 0.03665 U of Xyl6E7 and for 12 h with 3.665 U of Xyl6E7 were analyzed by thin-layer chromatography (TLC). The products were spotted onto a silica gel 60 F254 plate and developed at room temperature with n-butanol-formic acidwater (4:6:1, vol/vol/vol) as a spray reagent. The spots were visualized by spraying the plates with a chromogenic solution containing 20 mg of cerous sulfate, 50 mg of ammonium molybdate, 5 ml of H 2 SO 4 (98%), and 95 ml of ethanol (56), followed by incubation at 121°C for 5 min afterwards. Xylose, xylobiose, and xylotriose were used as standards.
Nucleotide sequence accession numbers. The GenBank accession no. for xyl6E7 is HM483387, and that for the Co II gene of Macrotermes annandalei is HM483386.
RESULTS
Termite species identification, DNA extraction, MDA, and validation. The sequence of the mitochondrial cytochrome oxidase subunit II gene from the heads of 10 soldier termites showed maximum identity (96%) with the gene from M. annandalei (GenBank accession no. AB300696). Thus, the collected termites were classified as Macrotermes annandalei, subfamily Macrotermitinae, family Termitidae. As the guts of M. annandalei termites contained a large proportion of soil and humic acid, approximately 450 ng of DNA was obtained from about 100 M. annandalei worker termite guts, compared to several micrograms of DNA from equal numbers of other termite guts. The refined extraction method used in this study limited the contamination from termites to the total microbial DNA (eukaryotic contamination was estimated to be less than 1%, based on 454 pyrosequencing data for eDNA from termite species [data not shown]). For MDA, 10, 20, 37.5, and 75 ng of primary eDNA were used as templates, and all showed relatively equal amplification efficiencies, with yields of 2 g. The highly similar DGGE fingerprints of the V3 regions of the 16S rRNA genes before and after MDA indicated that no obvious amplification bias could be identified by DGGE (see Fig. S1 in the supplemental material).
Functional screening for lignocellulases and sequence analysis of the xylanase gene. All 10,000 fosmid clones from the intestine metagenomic library from fungus-growing termites were subjected to functional screening for four lignocellulosedegrading enzymes. In total, one xylanase-positive clone and 12 ␤-glucosidase-positive clones were identified. No clones positive for endoglucanase or cellobiohydrolase were identified.
After sequencing and assembly, the xylanase-positive clone (Table  1) , among which an endo-1,4-␤-xylanase ORF and an adjacent CBM_4_9 ORF were obviously relevant to lignocellulose degradation. The singular arrangement of the 7 ORFs on the contig can be seen in Fig. 1 . The endo-1,4-␤-xylanase ORF (ORF1) begins with the putative initiation codon ATG and ends with TAG. It consists of 1,818 nucleotides encoding a protein of 605 amino acids with a deduced molecular mass of 64,532 Da. No coding sequence for an apparent signal peptide was identified. Homology searches revealed that Xyl6E7 was a unique modular xylanase. Amino acids 13 to 251 exhibited significant homology to GH11 family catalytic modules and had the highest identity of 73% with that reported under GenBank accession no. AAS85783 (7) (a xylanase isolated from the gut of a lepidopteran caterpillar). Amino acids 340 to 480 showed significant homology to the CBM_4_9 module and had a maximal identity of 38% with that reported under accession no. ADD82900 (a xylanase isolated from termite gut). No obvious linker sequence could be detected between the two domains. Amino acids 532 to 570 showed significant homology to the Listeria-Bacteroides repeat domain, which belongs to the Flg_new superfamily and had the highest identity of 38% with that of a whole-genome-sequenced clostridial species, Coprococcus eutactus ATCC 27759 (accession no. EDP26952). ORF2 consisted of a CBM_4_9 module, which has a maximal identity of 45% with the carbohydrate-binding CenC domain protein from Fibrobacter succinogenes subsp. succinogenes S85 (accession no. ACX75364), and a Listeria-Bacteroides repeat domain, which had the highest identities of 50% with that from Mollicutes bacterium D7 (accession no. EEO33990). The similarity between the two CBM_4_9 modules on the fosmid contig was 43.8%, and that between the two Listeria-Bacteroides repeat domains was 76.9%. A BlastP search of the NCBI nonredundant protein database revealed that Xyl6E7 was closely related to eight putative GH11 xylanases (Fig. 2) , the top three of which were all from xylophagous insect guts. Multiple-sequence alignments of these sequences revealed two conserved glutamate residues (positions 182 and 289), which are required for the catalytic activity of all GH11 xylanases (47) , and one specific residue (position 99) that is well known to be responsible for the pH dependence property of most GH11 xylanases (37) . This resi- FIG. 1. ORF arrangement on the contig of the xylanase-positive clone. The full length of the xylanase-localizing contig is 12,639 bp, and it consists of 7 ORFs. The transcriptional direction of each ORF is indicated by the arrow orientation. Modular elements of ORF1 and ORF2, which are relevant to lignocellulose degradation, are shown in detail. In ORF1, residues 13 to 251 belong to the GH11 family catalytic modules, residues 340 to 480 belong to CBM_4_9 modules, and residues 532 to 570 show the highest similarity to the Listeria-Bacteroides repeat domain, which belongs to the Flg_new superfamily. In ORF2, residues 20 to 156 belong to CBM_4_9 modules, and residues 209 to 247 belong to the Listeria-Bacteroides repeat domain.
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due is located near the first catalytic glutamate residue and can be either an Asp (D) in those with an "acidic" pH optimum or an Asn (N) in more "alkaline" xylanases (23) . The existence of an Asn (N) at residue 99 of Xyl6E7 indicated its potential alkaline property, which was supported by subsequent biological characterizations. Moreover, the proteins reported under GenBank accession no. AAS85783 (7), ACZ98622 (10), and CAA41784 (54), which also have Asn (N) at position 99, are also alkaline xylanases, further corroborating the influence of this residue on the GH11 xylanase pH profile. (Data for accession no. ADD82901, ADD82900, ZP_05497252, ZP_06873447, and YP_002505108 are all unpublished, so their pH profiles could not be obtained as yet.) Phylogenetic analysis of Xyl6E7 revealed that enzymes from similar insect origins are not necessarily clustered. Actually, Xyl6E7 was most closely related to the protein reported under accession no. AAS85783 (from caterpillar gut), while it was least closely related to that reported under accession no. ADD82900 (from termite gut) (Fig. 3) . Protein expression, purification, and characterization. The endo-1,4-␤-xylanase gene xyl6E7 was cloned into pET 22b(ϩ) and expressed in E. coli BL21. The majority of the expressed Xyl6E7 was detected to be soluble in the supernatant of lysed cells (Fig. 4A) . With an N-terminal 6ϫHis tag, Xyl6E7 was successfully purified on a Ni-NTA column (Qiagen). The size of the purified Xyl6E7 determined by SDS-PAGE was in good agreement with the predicted value (Fig. 4B) . A substrate specificity assay revealed that Xyl6E7 had high levels of activity of 733 Ϯ 20.6 U/mg toward birchwood xylan and 771 Ϯ 17.2 U/mg toward beechwood xylan under optimal conditions but had no detectable activity against carboxymethyl cellulose, Avicel, starch, barley glucan, or locust bean gum. This high level of substrate specificity is a typical property of GH11 xylanases.
The impacts of pH and temperature on the activity and stability of Xyl6E7 were examined. The enzyme displayed a pH optimum of 7.5 and retained more than 50% of the maximal activity across a broad pH range of 6.0 to 9.5 (Fig. 5A) . Xyl6E7 was sensitive to low pH, exhibiting less than 10% of the maximal activity below pH 6.0. Xyl6E7 was very stable over a wide pH range, with more than 70% of residual activity after incubation at pH 5.5 to 10 for 6 days at 4°C (Fig. 5B) .
Xyl6E7 exhibited maximal activities between 50°C and 55°C and retained more than 40% of the maximal activity between 30°C and 60°C (Fig. 5C) . A thermostability assay revealed that Xyl6E7 was more rapidly deactivated as the temperature increased and more greatly deactivated as the incubation time was extended. As shown in Fig. 5D , the activity of Xyl6E7 decreased to less than 70% of the initial activity after a 5-min preincubation at 30°C to 55°C, decreased to less than 50% after a 15-min incubation, and decreased further at the time point of 30 min. L-Cysteine (50 mM) was found to be able to restore the activity of Xyl6E7 from under 20% at 55°C for 30 min to over 60% under the same conditions, which may be   FIG. 2 . Alignment of Xyl6E7 with eight of its most related GH11 xylanases. The protein reported under GenBank accession no. AAS85783 was derived from caterpillar gut, those under accession no. ADD82901 and ADD82900 were derived from termite gut, that under accession no. ZP_05497252 was from Clostridium papyrosolvens, that under accession no. ACZ98622 was from Cellulosilyticum ruminicola, that under accession no. ZP_06873447 was from Bacillus subtilis subsp. spizizenii ATCC 6633, that under accession no. YP_002505108 was from Clostridium cellulolyticum H10, and that under accession no. CAA41784 was from Bacillus sp. strain YA-335. Multiple-sequence alignments were performed with ClustalW. Identical residues are shaded in black. The two highly conserved catalytically essential glutamic acid residues of GH11 xylanases are marked by asterisks, and the residue known to be responsible for the pH dependence of GH11 xylanases is marked by a triangle .   FIG. 3 . Phylogenetic analysis of Xyl6E7. Multiple-sequence alignments were performed against the full length of Xyl6E7 and its eight closest GH11 xylanases (the same sequences as those shown in Fig. 2 ). An unrooted phylogenetic tree was then established with MEGA 3.1 by the neighbor-joining method, with bootstrap values for 1,000 resamplings shown at major nodes. GenBank accession numbers and organisms are shown for each sequence. Thin-layer chromatography of hydrolysis products. The primary and final hydrolysis products of Xyl6E7 on birchwood xylan were analyzed by TLC. The primary reaction products (0.03665 U for 10 min) were a series of short-chain xylooligosaccharides, including only a small fraction of xylotriose, while the final products (3.665 U for 12 h) were mainly xylotetrose, xylotriose, and xylobiose, with no appearance of xylose (Fig. 6 ).
These results indicate that the purified enzyme was an endotype xylanase.
DISCUSSION
In this study, a metagenomic library was constructed from the guts of fungus-growing termites, and the process may contain helpful technical insights for similar studies. First, the whole gut, instead of only the luminal contents (49) , was used as the initial sample; thus, members attached to the host intestinal epithelium were included to fully capture the intact metagenome. Second, a refined trypsin lysis procedure was adopted, instead of the commonly used grinding method (7) or the direct bead-beating method (30) , to minimized the mechanical damage to intestinal epithelial cells. This step matters because nuclei released from damaged cells would be more difficult to extrude than intact epithelial cells. Modified differential centrifugation (800 ϫ g compared to 1,000 ϫ g [15] ) was then used to eliminate intestinal debris, disassociated gut epithelium cells, and nuclei released from lysed cells, thus optimizing the purity and recovery of further DNA extraction and reducing host eukaryotic contamination. Third, a method of whole-genome amplification, MDA, was proactively and successfully applied as a powerful tool for obtaining sufficient quantities of eDNA for fosmid library construction and functional screening, despite the case revealed by some studies that chimeric sequences may still exist at the ends of fosmid contigs (11, 32) . This method may prove efficient and useful for the functional screening of other low-yield environmental niches.
Thus far, the microbiome of fungus-growing termites has long been neglected for its hydrolytic potential, and the isolation of a batch of lignocellulase-positive clones directly demonstrates that it does contribute glycosyl hydrolases for their hosts' digestion. This finding expands gut microbes' routine roles of acetogenesis or methanogenesis and gives a new vision of the symbiosis system of fungus-growing termites. Besides, the preferential enrichment of ␤-glucosidases may indicate that gut microbes are especially good at hydrolyzing cellobiose to glucose monomers, although more-comprehensive highthroughput genomic information would be required to further explore the enzyme profile inherent in the gut microbiota of fungus-growing termites.
The phylogenetic analysis of Xyl6E7 and its related GH11 xylanases unexpectedly revealed that these enzymes were not simply clustered by their host origin. Actually, xylanases of termite origin (Xyl6E7 and those reported under GenBank accession no. ADD82900 and ADD82901) did not all fall into the same cluster. This may be attributable to differences of termite species feeding on different diets, which would inevitably feature different microbial community structures (5) . The fosmid contig containing Xyl6E7 showed an interesting arrangement. It contained two sets of the CBM_4_9 domain flanked by a Listeria-Bacteroides repeat domain within and adjacent to Xyl6E7, respectively. As the CBM_4_9 family includes diverse carbohydrate binding domains, and most CBM modules are believed to be able to enhance the enzyme efficiency by increasing the accessibility of susceptible substrates to the enzyme catalytic module. Thus, the binding capability and specificity of CBM_4_9 inside and alongside Xyl6E7 are worthy of further investigation.
Compared to other xylanases of a metagenomic origin, a most remarkable advantage of Xyl6E7 may be its high efficiency, 733 U/mg against birchwood xylan and 771 U/mg against beechwood xylan at the defined optimal conditions, which placed it among the top natural bacterial xylanases documented in the BRENDA database (5,890 U/mg for Bacillus subtilis [3] , 1,780 U/mg for Bacillus pumilus [33a] , 867 U/mg for Thermotoga maritima [21] , and 720 U/mg for Bacillus licheniformis [13] ). Xyl6E7 is also impressive for its wide pH tolerance and stability, which would undoubtedly be beneficial for challenging pH processes or where neutralizing pH is inefficient or uneconomical. Unfortunately, in common with most members of GH11 xylanases, Xyl6E7 exhibits obvious low thermostability, which means that further enzyme-engineering efforts would be required for industrial conditions demanding high temperatures. Furthermore, the final hydrolysis products of Xyl6E7 are a series of xylooligosaccharides, which would have potential applications in food, feed formulation, and pharmaceutical industries.
In conclusion, we describe an optimized, yet simple, protocol for the preparation of metagenomic DNA from intestinal samples. This protocol can maximize the diversity of microbes represented and minimize host eukaryotic contamination without depending on large-scale devices or extravagant extraction kits, thereby allowing the optimal exploitation of the genetic potential of intestinal samples. Moreover, the successful combination of MDA and functional metagenomics has expanded the role of MDA as a powerful tool for library construction, providing access to the genomic reservoirs of niches with low DNA yields. We believe that this encouraging example can be extended to the further functional screening of DNA libraries from other promising, but limited, environmental habitats. More noticeably, the fact that the lignocellulase genes were reserved in the microbiome of fungus-growing termites re-vealed the neglected contributions of intestinal microbes to plant material digestion for host nutrition. Furthermore, we discovered a highly active xylanase with wide pH tolerance and stability, which are ideal properties for potential industrial applications.
